The impact of dark NH4+ and N03-assimilation on photosynthetic light harvesting capability of the green alga Selenastrum minutum was monitored by chlorophyll a fluorescence analysis. When cells assimilated NH4+, they exhibited a large decline in the variable fluorescence/maximum fluorescence ratio, the fluorescence yield of photosystem 11 relative to that of photosystem I at 77 kelvin, and 02 evolution rate. NH4+ assimilation therefore poised the cells in a less efficient state for photosystem II. The analysis of complementary area of fluorescence induction curve and the pattern of fluorescence decay upon microsecond saturating flash, indicators of redox state of plastoquinone (PQ) pool and dark reoxidation of primary quinone electron acceptor (QA), respectively, revealed that the PQ pool became reduced during dark NH4+ assimilation. NH4+ assimilation also caused an increase in the NADPH/NADP+ ratio due to the NH4+ induced increase in respiratory carbon oxidation. The change in cellular reductant is suggested to be responsible for the reduction of the P0 pool and provide a mechanism by which the metabolic demands of NH4+ assimilation may alter the efficiency of photosynthetic light harvesting. N03-assimilation did not cause a reduction in PQ and did not affect the efficiency of light harvesting. These results illustrate the role of cellular metabolism in the modulating photosynthetic processes.
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tation energy favoring PSI. These authors (22) suggested that this alteration aids in balancing the higher ATP/NAD(P)H requirement of NH4' assimilation relative to CO2 fixation through PSI-supported cyclic photophosphorylation. N03-assimilation, on the other hand, requires more NAD(P)H relative to ATP for its assimilation than NH4', and did not cause a suppression in 02 evolution nor introduce any alteration in fluorescence characteristics of PSII or PSI (3, 4, 8, 22, 23) .
NH4' assimilation in light influences the respiratory and photosynthetic carbon metabolism in an integrated fashion (18, 21, 24) . In dark, N-limited S. minutum cells are capable of assimilating NH4' at a rate equivalent to that in light (21, 24) . Dark NH4' assimilation influences carbon metabolism by stimulating glycolysis and mitochondrial respiration and enhancing dark anaplerotic CO2 fixation about 40-fold (24, 25) . The impact of these metabolic alterations on subsequent photosynthetic behavior is not known. Understanding the interplay of photosynthetic, respiratory, and N metabolism requires an assessment on the effect ofdark NH4' assimilation on photochemical functions. The present investigation reveals how NH4' assimilation in the dark poises S. minutum in a low efficiency photochemical state for PSII (state 2) and illustrates the regulatory effects of N assimilation and respiration on the light utilization processes of photosynthesis.
The assimilation of NH4' or NO3-by N-limited cells of Selenastrum minutum occurs at such high rates that photosynthetic carbon fixation does not meet the carbon demands for amino acid synthesis (14, 19) . Under these conditions, photosynthetic carbon fixation is suppressed (3, 4) , and the carbon demands are met by starch degradation (14, 19 E, is machine zero.
-% L l 6 NH4' assimilation was assayed as the disappearance of NH4' from the assay medium at specific time intervals after addition of 1 mM NH4+. The NH4+ content was measured using the phenol nitroprusside hypochlorite method of Strickland and Parsons (20) .
The cellular NADP/H was analyzed spectrophotometrically using an enzymatic cycling assay as described by Passonneau and Lowry (15) .
The total Chl (a + b) was estimated spectrophotometrically following extraction in methanol (7).
RESULTS
In N-limited cells of S. minutum, Fo was obtained with the onset of the weak modulated measuring beam, and Fm was attained with the application of a 1 sec saturating flash of about 1 100 ,umol m-2 s-' intensity. Fo and Fm were monitored at specified times following 1 mm NH4+ addition (Fig. IA) . Fm and more specifically the F, yield was reduced by 40% of control value, when measured at 6 and 15 min after the onset of NH4+ assimilation. Thereafter, F, recovered gradually and was almost restored after 60 min of NH4+ addition in dark (Fig. IA) . This recovery corresponded with the completion of NH4+ assimilation. The presence of azaserine, an inhibitor of NH4' assimilation, arrested the NH4+-induced alteration of fluorescence (Fig. 1 B) . Figure 2 correlates the pattern of NH4+ assimilation with and B). The 77 K Chl a fluorescence yield of PSII relative to that of PSI (F686/F717) dropped markedly and recovered once the added NH4+ was assimilated (Fig. 2B ). Net 02 evolution by briefly illuminated dark NH4' assimilating cells exhibited a similar pattern of initial decline and subsequent gradual restoration (Fig. 2C) . The dark respiratory 02 uptake showed more than a twofold increase during NH4' assimilation in dark with a return to control value once the NH4' assimilation was complete (Fig. 2C) . The Chl a fluorescence induction kinetics of N-limited control cells and cells assimilating NH4+ in dark are shown in Figure 3 . The area bound by the fluorescence rise and its asymptote (complementary area) is a measure of the pool size of electron acceptors of PSII, mainly the pool of PQ (1). The PQ pool size is larger than the pool size of photochemical centers of PSII and remains in a predominant oxidized state in dark-adapted photosynthetic systems. NH4' assimilating cells exhibited a much faster fluorescence rise than control cells, thus a smaller complementary area (Fig. 3A) , indicating that the PQ pool in NH4' assimilating cells was in a reduced state prior to illumination. In contrast, assimilation of 1 mM NO3-did not alter the fluorescence induction rise pattern (Fig. 3B) . The fluorescence induction kinetics of dark NH4' assimilating cells analyzed at specified times revealed that the alteration in complementary areas of fluorescence curve (i.e. change in PQ redox state) is reversible. Once NH4+ is assimilated, the cells gradually regained the normal fluorescence rise kinetics (Fig. 4) , indicating the return of the PQ pool to its typical oxidized dark state.
Analysis of rapid fluorescence relaxation kinetics following a saturating single turnover flash allows measurement of the reoxidation kinetics of QA ( 17) . In dark-adapted control cells, a single saturating flash raises the fluorescence to Fm, indicating the reduction of QA (Fig. 5A) . Following the flash, the fluorescence relaxes, revealing the complex decay kinetics of QA reoxidation (Fig. 5A) . The known inhibitor of electron transfer from QA, completely abolished this dark relaxation of fluorescence (Fig. SB) . Thus, this rapid fluorescence decay kinetic analysis offers a suitable method to test the effect of dark NH4+ assimilation on the redox state of PSII acceptor components. In cells assimilating NH4' in dark, the fast fluorescence relaxation following a flash was largely arrested (Fig. 5C) . N-limited cells assimilating NO3-in dark, however, showed normal dark fluorescence relaxation properties (Fig. SD) . The capacity of PQ to reoxidize QA, represented as the magnitude of fluorescence relaxation occurring with 3 ms of flashing, was monitored during the period of NH4+ assimilation, and is presented in Figure 6 . (Figs. and 2 ). This NH4+-induced loss of PSII activity recovered upon the completion of NH4' assimilation. The lack of NH4+ effect in the presence of azaserine, an inhibitor of NH4' assimilation ( Fig. 1) , shows that the positioning of cells in a low photoactive PSII state is the result of NH4' assimilation and not of the presence of NH4+ per se. Our Chl a fluorescence analysis revealed that NH4+ assimilation influences the dark step of electron transfer path between PSII and PSI and showed that NH4+ assimilating cells, unlike control cells, lack the ability to reoxidize QA-in dark (Figs. 3-6 ). This observation suggests that the dark NH4+ assimilation causes reduction of the PQ pool. These changes are completely reversible, recovering after NH4' assimilation is complete (Figs. 1-6 ).
High rates of dark NH4' assimilation into amino acids is sustained by the mobilization of starch to provide carbon skeleton and reducing power (14, 19, 24) . The onset of NH4' assimilation changes the ADP/ATP ratio and the concentration of glutamate and glutamine which in turn activate glycolytic carbon flow (13, 18, 24, 25) . The increase in both glycolytic and oxidative pentose phosphate pathway activity will increase cellular NAD(P)H production. Preliminary analysis of cellular NADP/H revealed 16% increase in NADPH/NADP+ for the cells assimilating NH4+ for 10 min in dark (data not shown). This condition is reported to cause the reduction of components of the intersystem photosynthetic electron transfer chain, driving the cells to a low photoactive state for PSII, or state 2 (1, 2, 5, 10, 11) . Recently, it has been reported that a thylakoid bound NAD(P)H dependent PQ reductase activity was capable of reducing PQ in dark and constitutes a chloroplast respiratory path for carbon oxidation (1, 2, 5, 6, 16, 26) . This may provide a mechanism by which elevated levels of NADPH, brought about by increased respiratory carbon metabolism, may serve to reduce the PQ pool.
NO3-reduction and assimilation has a higher demand for NADPH than does NH4+. It is therefore not surprising that NO3-assimilation caused a decline in NADPH levels (data not shown). As would be expected, dark NO3-assimilation therefore did not cause PQ reduction or a decline in QA reoxidation and PSII photoactivity, (Figs. 3 and 5 ). This is consistent with our earlier observations (3, 4, 8, 22, 23) .
We have demonstrated that reduction of PQ during dark NH4' assimilation controls the state transition mechanism. The state transition is most often thought of as a regulatory mechanism which serves to optimize the relative activities of PSII and PSI under conditions of adverse environmental light quality. In this work we have shown that the mechanism is light independent in vivo. We have demonstrated a reversible transition to state 2 triggered by reduction of PQ in the dark driven by NH4' assimilation. These results, along with the recent observation that cellular metabolism can influence the PSII yield (2, 5, 8, 9, 11, 12, 22) , further strengthen the evidence for metabolic feedback playing an important role in the regulation of the light utilizing steps of photosynthesis. Time after NH4+ addition in dark -min Figure 6 . 
